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Introduction
Insect pollinators are crucial for global food production, making important contributions to yield and quality of many crops (Klein et al., 2007; Kleijn et al., 2015) . However, both managed and wild pollinator populations are under threat from multiple pressures and this can impact on the crop pollination services they provide (Vanbergen & Initiative, 2013; Potts et al., 2016) . To support sufficient pollination of many crops, managed pollinators are utilised in increasing numbers (Rucker et al., 2012) . At the same time, the important contribution to crop pollination of a diversity of wild pollinators is becoming increasingly well understood (Garibaldi et al., 2013; Garibaldi et al., 2016; Rader et al., 2016) . As global demand for insect-pollinated crops continues to rise (Aizen et al., 2008) and incidents of insufficient insect pollination limiting crop production are increasingly documented (Holzschuh et al., 2012; Button & Elle, 2014; Garratt et al., 2014a) it is necessary to find effective means to match pollinator supply to pollination demand and counter any deficits. The ability to effectively utilise both wild pollinators and managed species represents the best opportunity to provide sufficient and stable pollination services to crops (Rader et al., 2012; Brittain et al., 2013b; Garibaldi et al., 2014) as well as the opportunity to fill short-term pollination deficits if necessary. Adaptable, targeted and cost effective management of pollinators for crops can be captured by the concept of Integrated Crop Pollination (ICP) (Isaacs et al., 2017) . Effective ICP requires a solid evidence base, including an understanding of a crop's demand for insect pollination, the potential contribution of wild pollinators and the optimal management strategy for utilising managed species if required.
Oilseed rape (Brassica napus) is a crop of global importance and the area being grown is increasing
year on year (Breeze et al., 2014) . Many varieties of oilseed rape benefit from insect pollination, which can increase pod set and seed set, and improve crop quality (Bommarco et al., 2012; Hudewenz et al., 2013; Garratt et al., 2014b) . Across the world, oilseed rape is visited by a diverse pollinator community which includes honeybees (Apis mellifera), solitary bees and bumblebees (Bombus spp.) as well as flies and other pollinators (Rader et al., 2009; Ali et al., 2011; Stanley et al., 2013; Woodcock et al., 2013; Garratt et al., 2014b) . Honeybees are also used to supplement the pollination of oilseed rape, with resulting improvements to yield (Manning & Wallis, 2005; Sabbahi et al., 2005; Witter et al., 2014) .
In the UK, oilseed rape is a widely grown crop that is an integral part of arable rotations across the country (Breeze et al., 2014) . The insect community visiting oilseed rape in the UK is diverse and includes many groups of species but this is known to vary from field to field and the effectiveness of flower visitors as pollinators depends on taxonomic group (Woodcock et al., 2013; Garratt et al., 2014b) . Honeybees are not widely used to supplement oilseed rape pollination in the UK, probably due to the large areas grown (Breeze et al., 2011) , their potential contribution to production is not well understood and the optimal management with regards to stocking densities and foraging behaviour is not well characterised.
To provide evidence to underpin effective ICP of oilseed rape in the UK, this study aimed to 1) investigate how the addition of honeybee hives affects the community of insects visiting oilseed rape flowers, 2) understand how hive number and hive location affects honeybee foraging on oilseed rape and 3) quantify how provision of honeybee hives affects oilseed rape pollination and production.
Materials and methods

Field sites
Nine conventionally managed fields of oilseed rape (variety Picto) were selected in the counties of Gloucestershire and Herefordshire in the UK in spring 2015. Fields were located in three study blocks so that each block was made up of three fields. One field in each block had 10 honeybee hives placed on an accessible field margin adjacent to the field. A second field in each block had 30 honeybee hives placed on an adjacent field margin and the remaining field acted as a control with the addition of no hives ( Fig. 1 ). Honeybee hives were placed out at study fields at the onset of oilseed rape flowering and were removed after flowering had finished. Study field sizes were typical of the region with a mean area of 8.4 ha (SE ± 1.6). Mean equivalent stocking density was 1.7 (SE ± 0.29) hives per hectare for fields with 10 hives introduced and 2.7 (SE ± 0.64) hives per hectare for fields with 30 hives. Study fields were not adjacent to any other oilseed rape fields and fields were at least 2 km apart.
Pollinator surveys
Pollinator surveys were carried out in a study plot measuring 75 m by 75 m adjacent to the field margin in each study field. During April 2015, three rounds of pollinator surveys were carried out in each field. Surveys were done in conditions with temperatures in excess of 13 o C, low wind and no rain, and all fields within a block were visited on the same day and the order in which fields were visited in each block was different for each survey round. A pollinator survey involved walking four, 15-minute, 75-m transects parallel to the field edge in each study plot along crop tramlines; where the vehicle wheelings are located. During transect walks, all insect visitors to oilseed rape flowers were recorded
to broad taxonomic group in a 2 m by 2 m moving observation window to one side of the observer.
The first transect was walked along the field edge, adjacent to the control field margin or field margin with honeybee hives. The second transect was walked along the first tramline in from the field edge (c. 20 m from the field edge) and the third and fourth were along the second (c. 40 m) and third (c. 60 m) tramlines. At two sites where the tramlines were not parallel to the field edge, each transect was divided into three 25 m subsections. These subsections were located in the perpendicular tramlines with their centre point at distances from the field edge equivalent to that for surveys where the tramlines were paralleled to the field edge. Thus pollinator data collected from fields with both tramline orientations was directly comparable.
Pollination service measures
To measure the effects of insect pollination on oilseed rape yield, two study plants were selected at least one metre apart and in the middle of each of the four pollinator transects in each study plot. At the onset of flowering, one plant in each pair was enclosed within a large (1 m by 30 cm) nylon pollinator exclusion bag (1.33 mm gauge size) to prevent access to the flowers by insects but allow wind and self-pollination (Bagged plants). The other plant in each pair acted as a control (Open plants).
During flowering the study plants were visited regularly and the bags were adjusted as the plants grew so only open flowers were covered and to minimise any effects of the bag on plant growth. At the end of flowering the bag was removed. Just prior to harvest in each field, study plants were collected and the number of pods on each plant was counted, the number of seeds per pod from five randomly selected pods was then determined before the plants were threshed to establish plant yield.
Analysis
Generalised linear mixed effects models using the 'glmer' function in the 'lme4' package were used to investigate the effects of introducing hives, pollinator taxa and their interaction on the number of visitors observed on transects. Field, nested within block, as well as survey round were included as random effects and a Poisson error structure was defined because data were counts. The 'drop1'
function was used to select the minimum adequate model and generate statistical outputs using the likelihood ratio test. A significant interactive effect of hive number and pollinator group was found and to interpret this, Tukey contrasts using the 'multcomp' package were carried out with each hive number and pollinator taxon combination as a separate factor level in the model.
To investigate the effects of hive number, distance from the field edge and their interaction on number of honeybees visiting, a generalised linear mixed effects model was used with a Poisson error structure and the same random effects as for previous models. Again the likelihood ratio test found a significant hive number:distance interaction and so Tukey contrasts were used to determine significant difference between factor levels.
Generalised linear mixed effects models were also used to investigate the effects of distance from the field edge, survey round and their interaction on foraging by different pollinator taxa with the same random effects as before. Distance and survey round were treated as categorical variables. Due to some low counts and to improve model fit, counts of solitary bees and bumblebees were combined to create a wild bee group, and hoverflies and other Diptera were combined to create a Diptera group.
Again Tukey contrasts were used to interpret significant effects.
Using the linear mixed effect models function 'lmer' in the 'lme4' package, pollination (seeds per pod and pods per plant) and yield (grams per plant) of bagged vs. open plants was compared as well as the effect of hive number and distance into the field and their two way interactions. Field nested within block were included as random effects. Yield in grams and pods per plant were log-transformed prior to analyses. All analysis were carried out in R version 3.3.2
Results
Hoverflies and other Diptera, honeybees, bumblebees, solitary bees, moths and butterflies were all observed visiting oilseed rape flowers. Non-hoverfly Diptera, followed by hoverflies, were the most abundant wild visitors and the placement of honeybee hives at the edge of oilseed rape fields altered
the pollinator community visiting crop flowers considerably (Fig. 2) , primarily by increasing the number of honeybee visitors. There was a significant interactive effect of hive number and pollinator taxonomic group on the number of floral visitors observed during transects (df = 10, χ 2 = 243.8, p < 0.001). In the absence of honeybee hives, non-hoverfly Diptera were the most common flower visitors, with significantly more visitors observed than all other pollinator groups (z > 5.26, p < 0.01).
The number of hoverflies was also significantly greater than bumblebees, honeybees and Lepidoptera (z > 4.09, p <0.01). When 10 honeybee hives were placed adjacent to a field, honeybees were the most common flower visitor, with significantly more visitors observed than all other pollinator groups (z > 5.85, p < 0.05). Non-hoverfly Diptera were also more abundant than all other groups (z > 5.66, p < 0.01) except honeybees. When 30 hives were placed at the field edge, again honeybees were by far the most abundant flower visitor compared to all other pollinator groups (z > 7.67, p < 0.05) and nonhoverfly Diptera were more abundant than other wild pollinators (z > 6.08, p < 0.05). Although the total number of all flower visitors was affected by the introduction of hives (df = 2, χ 2 = 13.31, p < 0.001) with significantly more seen per transects at sites with 10 (10.7 ± SD 5.6) and 30 (11.8 ± SD 6.4) hives compared to no hives (5.2 ± SD 4.2) (z > 3.75, = < 0.01), only the number of honeybees was significantly affected (z > 9.24 = < 0.001). The abundance of other pollinator groups neither increased nor decreased significantly following the introduction of hives.
There was a significant interactive effect of hive number and distance into the field on the number of honeybees observed on transects (df = 6, χ 2 = 36.95, p < 0.001) ( Fig. 3) . At the field edge, the number of honeybees observed in fields with 10 hives was greater than for fields with 30 hives or no hives (z > 3.27, p < 0.035). The number of honeybee visitors observed was greater for fields with 10 or 30 hives compared to fields with no hives, at 20 m (z > 5.47, p < 0.001) and at 40 m (z > 4.20, p < 0.05).
At 60 m into the field, the number of visitors observed was greater for fields with 10 or 30 hives compared to those with no hives (z > 3.19, p < 0.044) but the number of visitors was also greater in fields with 30 hives compared to those with 10 (z = 3.71, p < 0.01).
A C C E P T E D M A N U S C R I P T
Distance from the field edge significantly affected the number of visitors observed on transects for both Diptera and honeybees (Table 1) (Fig. 4) . The number of honeybees was greater at 20 m and 40 m compared to both 0 m (z = 3.98, p < 0.001) and 60 m (z < 3.56, p < 0.01). For Diptera, the number of visitors at the field edge was greater than for all other distances (z > 3.02, p < 0.05). There was no significant effect of distance on wild bee visitors although a significant distance:round interaction was found. The number of floral visitors observed on transects was affected by survey round for honeybees and Diptera (Table 1) (Fig. 5 ). The number of honeybees visiting flowers was significantly fewer on the second survey round when compared to the first and third round (z > 2.79, P <0.014) and the number of Diptera recorded on surveys was significantly less on survey round one compared to rounds two and three (z > 6.82, p < 0.001).
There was no significant interaction or main effect on yield of pollination treatment (open vs. bagged plants) (df = 1, χ 2 = 0.039, P = 0.84), distance from the field edge (df = 3, χ 2 = 3.12, P = 0.37) or hive number (df = 2, χ 2 = 1.04, P = 0.59) ( Supp Table) . Similarly no effect of pollination treatment (df = 1, χ 2 = 0.024, P = 0.88), distance (df = 3, χ 2 = 7.19, P = 0.066) or hive number (df = 2, χ 2 = 2.64, P = 0.27) was seen on seeds per pod or an effect of pollination treatment (df = 1, χ 2 = 0.33, P = 0.57), distance (df = 3, χ 2 = 2.20, P = 0.53) or hive number (df = 2, χ 2 = 0.80, P = 0.67) on pods per plant.
Discussion
Diverse insect pollinator communities were observed visiting oilseed rape flowers, and introducing honeybee hives to the edge of fields considerably increased the number of flower visitors and altered the pollinator community which became dominated by honeybees. Furthermore, the introduction of a greater number of hives was associated with an increase in honeybees foraging further into the field while numbers at the field edge were reduced. We found that proximity to the field edge and survey round influenced taxonomic groups of flower visiting insects in different ways and this represents an example of functional complementarity (Hoehn et al., 2008; Blüthgen & Klein, 2011) . Thus combining Introducing honeybee hives to the edge of oilseed rape fields increased the number of honeybees visiting oilseed rape flowers so that they became the dominant taxonomic group, contributing more than 50% of all observed visitors, compared to less than 5% in the absence of hives. This supports the conclusion that using honeybees can be an option to increase pollination of oilseed rape (Manning & Wallis, 2005; Sabbahi et al., 2005; Witter et al., 2014) . In terms of optimising this pollination, there was no increase in the number of visitors overall following the introduction of 30 compared to 10 hives, but a significant increase at 60 m in field with 30 hives shows a potential benefit of introducing more than 10 hives with bees foraging further into the field.
The impact of survey round and proximity to the field edge had distinctly contrasting effects on different pollinator taxa. A component of the wild pollinator community, namely the Diptera, declined steadily away from the field edge, whilst honeybee activity peaked at 20 m and 40 m into the field. This is driven by their foraging behaviour and contrasting edge effects on pollinators have been observed in other studies (Bailey et al., 2014; Woodcock et al., 2016) . This demonstrates that a diverse community of pollinators, which includes honeybees, is more likely to ensure pollination across the field and buffer different species responses to the field edge. Although UK arable fields can be large, any point in the field will rarely be more than 80 m from any edge, therefore ensuring provision of adequate pollination services up to this distance, covers the vast majority of a field.
The variation in flower visitor activity seen between survey rounds in this study could be driven by a number of factors, including differing responses to weather on the day of surveys (Brittain et al., 2013a) , competition with other flowering crops in the landscape (Holzschuh et al., 2016) or changes in floral resource availability and pollinator activity over the flowering cycle of the crop (Mesa et al., 2013) . Interestingly, we found distinctly contrasting effects of survey round on the three groups of pollinators tested. Activity of Diptera was lower during early flowering compared to honeybees, which
were most active in survey round one and three. The activity of wild bees by contrast was not significantly affected by survey round, probably because this is a particularly diverse group with different species responding in different ways. Nonetheless this demonstrates clear complementarity between groups, and to ensure good flower visitation throughout crop flowering, abundant communities of multiple taxa would be beneficial.
The distribution of different flower visiting insects in space and time within a crop field may be a result of interactions between species and there is concern that honeybees may displace wild flower visitors in some instances (Geldmann & González-Varo, 2018) , although facilitative benefits to pollination following interactions between honeybees and other pollinators have also been reported (Greenleaf & Kremen, 2006) . In this study, despite a nearly 30-fold increase in the number of honeybees recorded in fields with 30 hives compared to no-hive controls, the abundance of other taxa was not affected, indicating no strong interactions between different groups of flower visitors.
We found no effect of introducing honeybees or proximity to the field edge on pollination or production of oilseed rape, and importantly pollinator exclusion treatments had no detectable effect on pollination or yield. The variety of oilseed used in this study was Picto, which is a conventional variety becoming increasingly common in the UK. The dependence of oilseed rape on out-crossing and pollen movement within flowers varies considerably between varieties with the contribution of insect pollinators to yield estimated at anywhere between 0 and 50% (Williams et al., 1986; Sabbahi et al., 2005; Bommarco et al., 2012; Hudewenz et al., 2013) and it may be that this variety benefits little from insect pollination. Alternatively it may be that pollinator activity was relatively low in this study, particularly for those species of wild bee which are known to be particularly effective pollinators of oilseed (Woodcock et al., 2013; Garratt et al., 2014b) and so no effect of pollinator exclusion was observed. However, honeybees do improve pollination and yield in some oilseed varieties (Manning & Wallis, 2005; Lindström et al., 2016) yet the high numbers observed in this study still did not elicit a clear response.
A C C E P T E D M A N U S C R I P T
In this study we did not measure the crop quality parameters of oil content or chlorophyll content so there may be other effects of insect pollination not detected. Breeding parthenocapy into crop varieties could reduce dependence on pollination (Knapp et al., 2017) and be part of an integrated pollination strategy. However, recent studies on oilseed rape demonstrate the benefits of insect pollination in many varieties (Manning & Wallis, 2005; Bommarco et al., 2012; Jauker et al., 2012) and even single visits to flowers by some taxa result in increased seed set (Garratt et al., 2014b) . This highlights the critical need to first understand the dependence of a crop on insect pollination before investment is made in pollination services, although the wider benefits of a diverse pollinator community for wild plant reproduction in agricultural landscapes should also be considered (Ollerton et al., 2011) .
This study demonstrates how utilising both wild and managed pollinators as part of ICP could buffer spatial and temporal influences on pollinator activity and ensure a consistent supply of flower visitors in a key mass-flowering crop. It also highlights the critical need to understand the insect pollinator dependence of a crop and the potential economic benefits or not of pollination before investments are made in pollination services. However, the dependence of all crops and varieties grown in a landscape, as well as wild plant communities dependent on insect pollination, and the benefits to beekeepers in the form of pollen and nectar provision for hives, must also be taken into account. Table 1 . Statistical outcomes following generalised linear mixed effects models and likelihood ratio tests on the influence of distance from the field edge, survey round and their interaction on the abundance of different groups of flower visiting insect in oilseed rape fields. P values <0.05 are shown in bold. 
Pollinator group
